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V isual acuity (VA) typically represents the finest spatial detail that the visual system can resolve, describing its ''sharpness.'' Assessment of VA forms the standard procedure in quantifying the severity of most ocular disorders, the efficacy of therapeutic interventions, and the impairment of central visual function. Thus, both in clinical practice and research, VA assessment should be performed with methods that are as accurate as possible.
During the past decades, there have been several modifications and significant progress in the methods and the procedures used for the evaluation of VA. The most widely adopted tool worldwide is the Snellen VA chart, which was introduced in 1862. 1 In 1976, Bailey and Lovie 2 developed a rigorous chart design and test protocol based on the logarithmic progression of letter sizes, which was later used for the Early Treatment of Diabetic Retinopathy Study (ETDRS).
2, 3 Currently, the ETDRS acuity offers the gold standard and has been widely adopted in basic and clinical vision research. 4, 5 The conventional optotypes used in VA charts are letters. To facilitate reliable VA screening for clinical trials and exchange of patient data between clinics and researchers throughout Europe, a modified ETDRS chart with selected (Sloan font) letters has been developed as a common tool for countries using the Latin, Greek, and Cyrillic alphabets. 6 In situations where the use of alphabetbased optotypes is not possible, such as when subjects are illiterate or cannot read Latin characters, the Landolt C and the tumbling E optotypes are commonly used. Testing VA with such charts introduces a different task because it requires detection of the orientation of the symbol (or gap in Landolt C) rather than letter recognition or discrimination, which implements different visual processes. 7 The purpose of the current study is to compare the results of VA measurements in young adults without visual impairment and a DR population using logMAR charts with three different optotypes: the Sloan letter chart, the Landolt C chart, and the tumbling E chart.
METHODS

Participants
Two groups of subjects participated in the study: young adults without visual impairment and subjects with DR. Subjects with high sphero-cylindrical error (94.00 diopters [D] ) and astigmatism (92.00 D) were excluded from the study. Forty apparently healthy volunteers, either students or employees of the University of Crete, comprised the group of subjects without visual impairment (spherical equivalent, +1.00 to j3.87 D). Their mean age was 29 (SD 4) years, and 16 (40%) were male. These subjects underwent complete ophthalmic examination to rule out any ocular disease. Thirty-one subjects with DR agreed to participate in the study (mean age T SD, 70 T 9 years) (spherical equivalent, +2.25 to j3.50 D). All DR subjects had insulin-dependent diabetes mellitus but no history of systemic or eye disease other than the DR. Twelve subjects (39%) were male. The DR subjects were regular outpatients at the ophthalmology clinic of the University Hospital of Crete. Fourteen patients had signs of diabetic maculopathy. The VA in the DR patients ranged from 0.10 to 0.90 logMAR. All subjects were naive regarding VA measurements apart from their possible participation in regular ophthalmologic examinations. One eye of each subject was randomly selected for inclusion. 8 The study conformed to the tenets of the Declaration of Helsinki and followed a research protocol approved by the institutional review board of the University of Crete. All participants were informed verbally about the nature of the study and provided written informed consent.
VA Measurements
Visual acuity was assessed with habitual refractive correction (if any, contact lenses were not allowed) using three logMAR charts: the chart composed of Sloan letters developed for European-wide use, the Landolt C chart, and the tumbling E chart (Precision Vision, La Salle, Ill). The letter chart was a modified ETDRS chart, which follows the logMAR progression and line spacing design elements. ). The three charts were presented in random order. All subjects were asked to identify each letter in turn in each row starting from the letter in the top left corner and proceeding row by row until they could no longer name at least one letter in a row correctly. They were instructed to read slowly and guess the letters when they were unsure. The termination rule for stopping was making four mistakes on a line. The experimenter scored correct letters on custom-designed data forms. Visual acuity was derived from the calculation of missed letters up to the last readable line.
Statistical Analysis
The Bland-Altman method was used to assess agreement between the charts (Bland and Altman 1986). 9 Paired-sample t tests were also
Plot of the average logMAR acuity with the three logMAR charts used for the young adults with nonYimpaired vision and the DR group. Error bars represent T1.96 SD.
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Optometry and Vision Science, Vol. 90, No. 2, February 2013 applied to assess average agreement (bias). Where the differences between measurements had a symmetric distribution and the level of discrepancy did not seem to depend on the magnitude of the measurements, 95% limits of agreement (LoA) were calculated as the mean difference T1.96 SD. Where the Bland-Altman scatterplot indicated a linear trend between difference and average, regressionbased LoA were calculated. 10 Pearson correlation coefficients were calculated to assess the direction and magnitude of the linear correlation between difference and average. 11 The significance level was set to 5%. The statistical package SPSS 19.0 (SPSS Inc., Chicago, Ill) was used throughout.
RESULTS
Fig. 1 presents mean
VA for the two groups tested using the three logMAR charts. Mean VA in the group of young adults with nonimpaired vision was j0.05 (SD, 0.10) logMAR using the Sloan letter chart, j0.02 (SD, 0.13) logMAR using the tumbling E chart, and 0.00 (SD, 0.12) logMAR using the Landolt C chart. A mean difference of 0.05 logMAR (2.5 optotypes) was found between the Landolt C and the letter VA charts (p G 0.001; 95% CI, 0.02 to 0.08) and a mean difference of 0.02 logMAR (1 optotype) between the Landolt C and tumbling E VA charts (p = 0.034; 95% CI, 0.00 to 0.04). The mean difference in VA (0.04 logMAR) between the Sloan and the tumbling E charts was also significantly different from zero (p = 0.015; 95% CI, 0.01 to 0.06).
Mean (SD) VA in the DR group was 0.46 (0.25) logMAR with the Sloan letter chart, 0.48 (0.28) logMAR using the tumbling E chart, and 0.59 (0.26) logMAR using the Landolt C chart. The mean difference in VA between the Landolt C and the letter chart was statistically significant (0.13 logMAR; p G 0.001; 95% CI, 0.09 to 0.17) as was the mean difference between the Landolt C and the tumbling-E chart (0.11 logMAR; p G 0.001; 95% CI, 0.08 to 0.15). On the other hand, VA was not found to differ substantially between the Sloan letter and the tumbling E charts (0.02 logMAR; p = 0.341; 95% CI, j0.02 to 0.06).
The Bland-Altman plot revealed a moderate negative correlation between the discrepancy in estimated VA between Landolt C and Sloan letter charts and average VA estimates in the healthy subject group (r = j0.38, p = 0.015). The lower the estimated VA (i.e., higher logMAR values), the greater the absolute discrepancy between the charts (Fig. 2) . A weak, negative, nonstatistically significant correlation was seen in the DR patient group (r = j0.23, p = 0.219). In the Sloan letterYtumbling E comparison, a weak, negative, nonstatistically significant correlation was seen in the young-adult group (r = j0.24, p = 0.129), and there was no evidence of a trend in the DR group (r = j0.04, p = 0.852). The 95% LoA were j0.18 to 0.12 logMAR in the nonYvisually impaired group, implying that, for 95% of such subjects, VA measured using the Sloan letter chart would be between 0.18 logMAR better and 0.12 logMAR worse than that measured using the tumbling E chart. The LoA in the DR patient group were wider than in the young-adult group in each of the three comparisons, being from j0.22 to 0.19 in the Sloan letterYtumbling E comparison, from j0.33 to 0.07 in the Sloan letterYLandolt C comparison, and from j0.08 to 0.30 in the Landolt CYtumbling E comparison. In the Landolt CYtumbling E chart comparison, a weak, positive, nonstatistically significant correlation was seen in both groups (r = 0.22, p = 0.164 in young adults and r = 0.197, p = 0.288 in DR patients).
DISCUSSION
Visual acuity assessment is the fundamental tool for the evaluation of the integrity of visual function in the clinical practice and the core part of clinical ophthalmologic examination. Variability between methods used for the measurement of VA forms one of the main drawbacks in clinical practice. 4, 5, 12 The different optotypes Bland-Altman plots of the difference in logMAR acuity for the three charts used as a function of the average logMAR acuity. Empty and filled circles represent data from the young adults and DR patients, respectively. The solid lines are average differences and the dotted lines are the 95% limits of agreement (LoA). Note that, in the upper graph, the lines for the young-adult group correspond to linear regression fit and regression-based 95% LoA.
used in various ETDRS-like charts may account for differences in VA results in clinical studies and also in the published literature. In the current study, the main finding is that measurement of VA with the Landolt C chart and the tumbling E chart results in worse VA, on average, compared with that of the Sloan letter chart in both healthy young adults and visually impaired patients. Also, the LoA were found to be wide in all comparisons and wider for the DR groups than for the young adults without visual impairment, indicating that it might not be appropriate to use the different charts interchangeably. In the healthy adult group, the magnitude of the discrepancy was found to be related to VA in the Sloan letterYLandolt C comparison. Published estimates of ETDRS testretest variability range from T0.07 to T0.11 logMAR. The LoA for the Sloan letterYLandolt C chart comparisons fall outside this range for both groups. When measuring VA with Landolt C and tumbling E optotypes, the task accomplished is to identify a single feature such as the orientation of the letter E or the detection of the gap in Landolt C rather than to discriminate or recognize a letter from a set of letters (recognition/ discrimination acuity). 7 Despite the complexity of the task in recognition acuity, most of the studies conclude that interpretation of letter optotypes involves compensatory cognitive mechanisms resulting in higher VA compared with Landolt C and tumbling E.
Wittich et al. 7 tested patients with macular hole with Landolt C and letter optotypes and found significant differences. According to the authors, complex letter shapes facilitate the recognition task through a cortical cognitive process rather than obstruct it. 7 It seems that when visual impairment is caused by retinal diseaseVas in our studyVand in cases that impairment is in cortical levelVas in amblyopiaVthe difference between recognition and resolution acuity is significant. van den Brom et al. 13 postulated that patients with moderate cataract recognize fewer Landolt C optotypes compared with Sloan letters, with the difference being irrespective of VA. Rassow and Wang 14 presented a difference between ETDRS and Landolt C acuity of approximately three lines in patients with strabismus-amblyopia or deprivation-amblyopia. Similarly, Kuo et al. 15 found significant differences between the Landolt C and ETDRS charts in patients with maculopathy and vision worse than 20/200, and Becker et al. 16 found the same in patients with amblyopia. Both of these studies 15, 16 also compared the Landolt C and ETDRS charts in normal subjects but did not find any differences. In contrast, Grimm et al. 14 found that letters should be 5% smaller than Landolt C to have the same legibility. The current study is the first to show a difference between Sloan letter and Landolt C logMAR charts in normally sighted subjects. It has to be acknowledged, though, that normal subjects were tested with their habitual refraction, and any uncorrected refractive error, such as uncorrected astigmatism, may affect the VA measure in one test more than the other.
In most of the studies comparing ETDRS and Landolt C acuity, the difference in VA between the charts correlates with the VA of subjects. 7 The findings of the present study (using the modified ETDRS chart with Sloan letter optotypes) are in agreement with this, particularly for the healthy adult group. No such correlation was seen between the tumbling E and Sloan charts. Consequently, the possibility of overestimation of VA by letter charts in comparison with symbol charts should be taken into consideration when patients with low VA are concerned.
Measuring VA with tumbling E charts has not been cited in the literature as extensively as Landolt C, but results of most studies agree that the former yields better VA threshold results than Landolt C. According to Grimm et al., 17 the tumbling E should be approximately 15% smaller than Landolt C to obtain comparable VA scores. Becker and Gräf 18 reported a slight overestimation of VA by the tumbling E compared with the Landolt C, even in strabismus amblyopia. Reich and Ekabutr 19 found that acuities measured with induced blur are better with tumbling E than those with Landolt C but found no difference in viewing without blur. In agreement with previous studies, VA as measured with the tumbling E chart was higher than as measured with the Landolt C chart in the visually impaired group and also (but to a smaller extent) in the group of patients with normal vision. In addition, the tumbling E chart was found to yield worse average VA estimates compared with that using Sloan letters in patients with normal vision, thus supporting the statement that the task of identifying orientation is more difficult than letter discrimination in normal vision.
Interestingly, the latter finding was not confirmed in visually impaired patients, where tumbling E yielded similar results with Sloan letters, although a difference between Sloan and Landolt C was found in this group. It seems that despite the similar nature of the two tests (tumbling E and Landolt C), subjects' responses differed compared with that when using the Sloan chart. Bondarko and Danilova 20 proposed that tumbling E offers a better estimation of the highest spatial frequency that the visual system can resolve and may be less susceptible to training effects and adaptation processes than are measurements with Landolt C. Their assumption that Landolt C would yield a better threshold is not supported by the literature. A possible explanation for the better acuity observed with tumbling E compared with that observed with Landolt C symbols may stem from the differences in their spatial characteristics, that is, letter E offers the advantage of two ''gaps'' to be detected. For patients with large central or paracentral scotomas, the gap in a very large Landolt C might fall outside the field of view or preferred retinal locus, whereas tumbling E has two gaps between its three limbs, simulating a grating. It has been found that VA measured with gratings is less affected by optical defocus, which might also be found in patients with various ocular diseases.
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In conclusion, notable differences in VA measurements were found between the three commonly used charts in both nonvisually impaired young adults and visually impaired patients with DR. Landolt C yields worse VA estimates than tumbling E and Sloan letter charts, whereas tumbling E yields worse VA than Sloan letters in normal subjects. Differences between Landolt C and the other two optotypes are more pronounced with poorer VA, and this should be taken into consideration in clinical practice and research.
